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Abstract. Microbially induced carbonate precipitation is a promising technique for ground 
improvement. In order for MICP to progress from a lab-scale process to a commercially viable 
alternative ground improvement option, a combination of field-trials and field-scale modelling of the 
process is required. We present the results of a field-scale model in which differing injection strategies 
are evaluated and find that longer treatment times make more efficient use of reagents, but may come 
with higher operational costs, and that utilising multiple strains of bacteria with different reaction 
kinetics and transport properties may improve efficiency. 
1 Introduction to MICP  
Microbially Induced Carbonate Precipitation (MICP) is a 
naturally occurring process in which the by-products of 
bacteria growth and respiration create ideal chemical 
conditions for calcium carbonate to form as a mineral. We 
use the well-studied urea hydrolysis pathway (overall 
pathway shown in equations 1 & 2) to create calcium 
carbonate in-situ as an alternative grout with novel 
engineering properties. The inputs for this process are 
urea (a common fertiliser), a calcium source (e.g. calcium 
chloride), and ureolytically active bacteria, most 
commonly Sporosarcina pasteurii [1]. 
𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 + 𝑤𝑤𝑢𝑢𝑤𝑤𝑢𝑢𝑢𝑢 + 𝑐𝑐𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑢𝑢𝑐𝑐
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
→      𝑐𝑐𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑢𝑢 + 𝑢𝑢𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑢𝑢𝑐𝑐 (1) 
𝐶𝐶𝐶𝐶(𝑁𝑁𝐻𝐻2)2 + 2𝐻𝐻2𝐶𝐶 + 𝐶𝐶𝑢𝑢
2+
𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑢𝑢𝑏𝑏
→    𝐶𝐶𝑢𝑢𝐶𝐶𝐶𝐶3 + 2𝑁𝑁𝐻𝐻4
 +  (2) 
The advantages of using MICP over traditional cement 
and chemical grouts are 1) the input solutions have a near 
water-like viscosity meaning low injection pressure 
equipment is required and MICP can be used for near-
surface ground improvement without risk of ground 
heave, 2) MICP could be more environmentally friendly 
with a potentially lower carbon footprint than cement, and 
less toxic than chemical grouts, and 3) it is possible to 
create impermeable barriers or to optionally increase 
strength without significantly reducing porosity and 
drainage.  
MICP appears to be a promising technique for 
reducing water flow in radioactive waste geological 
disposal facilities [2], for reducing leakage from oil, gas 
and carbon capture & storage wells [3,4], and as a ground 
improvement technique [5], particularly where near-
surface treatment is required or where existing soil cannot 
be removed from site. 
MICP has been well studied in the lab. From these 
small-scale experiments we have learned, for example, 
how improvement in soil strength is related to CaCO3 
content (Fig. 1). However, only a limited number of field-
scale trials have been carried out, each in quite different 
environments with different objectives and, consequently, 
differing treatment strategies [4,6–8]. 
 
Fig. 1. Relationship between CaCO3 content and unconfined 
compressive strength, taken from the literature [9-20]. 
In order for MICP to progress from a lab-scale process 
to a commercially viable alternative ground treatment 
option, more field trials are required. To maximise the 
effectiveness of these future field trials we must first 
narrow down the extensive range of variables (relating to 
environmental conditions, what we inject, and how we 
inject it) into a handful of the most promising injection 
strategies.  
To do this, we have turned to numerical modelling of 
the MICP process with the aim of identifying strategies 
that make the most efficient use of reagents, make the 
most efficient use of time, and produce the most uniform 
and controllable treatment. Specifically, we model 
different urea/calcium concentrations, different reaction 
times, and three different types of ureolytic bacteria. 
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 2 Model description  
The model has been implemented in the computational 
fluid dynamics software OpenFOAM. Fluid flow is based 
on the single-phase (fully saturated) Navier-Stokes 
equations with an additional term that accounts for 
resistance in porous media. In this way, the model can 
simulate fluid flow through fractures in rock, and in soil 
at both pore-scale and continuum-scale, hence the name 
micro-continuum modelling. 
Reactive transport of bacteria, urea, calcium, and the 
ammonium and carbonate by-products are included. 
Bacteria transport is a function of soil type, bacteria 
characteristics (size, stickiness), and velocity with less 
bacterial attachment in areas of high velocity. When urea 
(injected after the bacteria) reaches bacterial cells which 
have attached within the porous media, the urea is 
hydrolysed following the first-order Michaelis-Menten 
kinetics producing ammonium and carbonate. When 
calcium and carbonate mix, they precipitate as CaCO3 on 
the first surface encountered.  
 
Fig. 2. Scanning electron microscope image of microbially 
induced CaCO3. The rod shaped indentations are the remnants 
of bacterial cells that became encapsulated in the growing 
CaCO3 crystals. 
The precipitated CaCO3 is non-transportable and 
occupies some of the pore space resulting in a lower 
permeability and a redirection of flow in subsequent 
injections of reagents. The CaCO3 also encapsulates 
attached bacteria, cutting them off from the urea and 
ending the reaction (Fig. 2). For this reason, multiple 
cycles of bacteria followed by urea/calcium cementing 
solution are injected until sufficient CaCO3 has been 
precipitated for effective ground improvement. 
The model was calibrated with experimental results 
from batch experiments [21] in which urea hydrolysis 
over time was measured along with the final mass of 
CaCO3 produced. 
 
Fig. 3. Field-scale model with location of wells and initial 
porosity distribution. 
Our field-scale test model consisted of a nine well 
array with 3m well spacing in which reagents are injected 
through the outer eight wells, and extracted from the 
central well. Initial conditions are a random porosity 
distribution (Fig. 3). 
 
Fig. 4. Example of potential treatment strategies that can be 
modelled. 
Model boundary conditions are flexible enough to 
allow simultaneous injection and extraction from multiple 
wells (Fig. 4), as well as monitoring the cumulative 
concentrations of reagents entering and exiting the model 
through the wells and the four side boundaries. The total 
mass of CaCO3 precipitating within an area of interest 
extending 3m around each well is also monitored. 
Variables investigated were 1) the concentration of 
urea and calcium in the cementing solution (with a low 
concentration of 0.1 M and a high concentration of 0.4 
M), 2) the length of time between cycles (between 2 and 
22 hours) and 3) the type of ureaolytic bacteria.  
The standard bacteria was S. pasteurii with high 
ureaolytic activity (10mM urea/min/OD) and high 
Michaelis-Menten half saturation constant (301 mM).  
The second has the properties of a bacterium isolated 
from soil by Graddy et al. [22] designated LS57 with a 
lower activity of 5.6 mM urea/min/OD, but also a lower 
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 half saturation constant of 64 mM. The lower half 
saturation constant of LS57 means that the reaction rate 
does not slow down as much at low urea concentrations 
(see Fig. 5).  
The third bacterium was a hypothetical strain with 
urea hydrolysis properties similar to LS57, but with 
different physical cell properties (i.e. smaller cells that 
produce less extracellular polymeric substances/biofilm) 
hence can be transported further before attaching within 
the porous media. 
 
Fig. 5. Urea hydrolysis kinetics for the two bacterial strains. 
3 Model results  
All field-scale models were run with boundary conditions 
of fixed flow rate inlet, constant pressure outlets. 
The models indicated that increasing the reaction 
period between treatment cycles resulted in more CaCO3 
precipitating and increased efficiency (where efficiency 
was measured as the amount of urea converted to CaCO3), 
but this came at the expense of longer treatment times (see 
Table 1). Decreasing the cementing solution 
concentration increased efficiency, but decreased the total 
mass of CaCO3. 
Table 1. Field-scale simulation results for reaction duration 
and cementing solution concentration for S.pasteurii. Mass of 
CaCO3 measured at the end of 10 injection cycles. 
Run 
Reaction 
period 
[hrs] 
Urea/ 
Ca [M] 
Treatment 
time  
[days] 
CaCO3 
mass  
[kg] 
Urea 
utilization 
efficiency 
[%] 
1 4 0.4/0.4 2.65 2,887 28.0% 
2 12 0.4/0.4 5.98 3,721 36.1% 
3 2 0.4/0.4 1.81 2,460 23.9% 
4 4 0.2/0.2 2.65 2,303 44.7% 
5 12 0.2/0.2 5.98 2,762 53.7% 
The models also indicated that substituting some or all 
of the S. pasteurii with the LS57 bacterium resulted in 
more CaCO3 precipitating and a greater efficiency (Table 
2), but only where the initial urea concentration was 
significantly lower than the Michaelis-Menten half 
saturation constant of 0.3 M for S. pasteurii (see solid 
lines in Fig. 6 where urea concentration was 0.1 M). In 
simulations where the urea concentration was 0.4 M 
(dashed lines in Fig. 6), replacing S. pasteurii with LS57 
marginally reduced the amount of CaCO3 that precipitated 
over the first 12 hours of the cycle.  
A special case is Run 17 where the urea concentration 
was 0.4 M, but LS57 was assumed to have different 
physical properties resulting in lower attachment. This 
case resulted in the greatest amount of CaCO3 and a 
significantly higher efficiency. The impact of altering 
bacterial attachment properties can be seen in Fig. 7. 
Table 2. Field-scale simulation results for different bacterial 
strains. Mass of CaCO3 measured at the end of a single 24 hr 
injection cycle. 
Run Urea/ Ca [M] 
Bacterial 
composition 
CaCO3 
mass  
[kg] 
Urea 
utilization 
efficiency 
[%] 
6 0.1/0.1 S.pasteurii      194  75.3% 
7 0.2/0.2 S.pasteurii      333  64.6% 
8 0.4/0.4 S.pasteurii      485  47.1% 
9 0.1/0.1 S.pasteurii/LS57      206  80.1% 
10 0.2/0.2 S.pasteurii/LS57      343  66.6% 
11 0.4/0.4 S.pasteurii/LS57      489  47.5% 
12 0.1/0.1 LS57      216  83.9% 
13 0.2/0.2 LS57      351  68.2% 
14 0.4/0.4 LS57      492  47.8% 
15 0.1/0.1 S.pasteurii/ low attach LS57      240  93.0% 
16 0.2/0.2 S.pasteurii/ low attach LS57      430  83.5% 
17 0.4/0.4 S.pasteurii/ low attach LS57      634  61.6% 
 
 
Fig. 6. Field-scale results showing total mass of CaCO3 
precipitated during a single 24 hr injection cycle for all 4 
bacteria strain combinations (see Table 2) at cementing 
solution concentrations of 0.1 M (solid lines) and 0.4 M 
(dashed lines). 
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Fig. 7. Field-scale results showing CaCO3 distribution after one 
injection cycle with a urea concentration of 0.4 M for a) S. 
pasteurii, and b) low attachment LS57. 
4 Discussion 
4.1 Reaction time & reagent concentration 
In the field-scale model we see that longer reaction 
periods made more efficient use of urea. However, this 
came with diminishing returns for two reasons: 1) most of 
the bacteria become encapsulated in the early part of each 
injection cycle hence the reaction rate drops considerably 
within a few hours, and 2) the Michaelis-Menten reaction 
kinetics mean that as urea concentration decreases, the 
rate of urea hydrolysis further decreases. 
The most efficient strategy based on utilization of urea 
and bacteria would be long cementation periods (in excess 
of 12 hours) and low urea/ calcium concentrations (lower 
than 0.2 M) as, even under these conditions, the supply of 
urea and un-encapsulated bacteria were not exhausted 
before the next injection cycle. However, although less 
efficient in terms of reagents, a two-hour cementation 
period with a concentration of 0.4 M produced a 
comparable amount of CaCO3 in approximately one third 
the time.  
As much of the costs associated with ground 
improvement are due to staff time and equipment that is 
tied-up on site, together with heavy penalties for delays in 
the construction schedule, we suspect that there are 
situations where an engineering contractor would find it 
economical to optimise MICP ground improvement to 
minimise treatment time, rather than maximise reagents 
efficiency.  
4.2 Bacterial strain combinations 
S. pasteurii is the most commonly utilised bacteria for 
MICP due to its comparably high ureolytic activity. We 
find that when urea concentrations are high, S. pasteurii 
has the desirable trait of producing more CaCO3 in a 
shorter period of time than strains with a lower activity. 
However, if maximum reagent efficiency is required, 
at some point urea concentration must drop below S. 
pasteurii’s optimum concentration. At this point, other 
less active bacteria may precipitate more CaCO3 in a 
given period of time if, like strain LS57, they have a lower 
Michaelis-Menten half saturation constant that allows 
them to be more efficient at lower urea concentrations. 
Finally, combining S. pasteurii with a hypothetical 
bacterium with the reaction kinetics of LS57, but with 
different attachment properties, produces the most 
CaCO3. This is because the two strains are spatially 
distributed in different areas: S. pasteurii attaches close to 
the injection wells where urea concentrations are highest, 
whilst LS57 attaches further away where it can make 
efficient use of the leftover urea that makes it to these 
outer edges. 
Modelling shows that an approach of combining 
different bacteria strains with different attachment 
properties may make more efficient use of the urea. It has 
also been suggested that co-cultures of bacteria can 
increase CaCO3 precipitation by providing more 
nucleation sites [23,24] or prove to be more robust across 
a range of environmental conditions [25]. However, these 
benefits would have to be weighed against the extra costs 
required to optimally grow, store, and transport multiple 
types of bacteria compared with S. pasteurii alone. 
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